examined permeation tubes for several organic compounds including halothane.
A particularly useful dynamic method for preparing mixtures of vapours in gases involves diffusion of the vapour from tubes of precisely known dimensions. To our knowledge, this elegant method has not been used hitherto for anaesthetic vapours, although it has the advantage that it is an absolute standardization method.
The diffusion of vapour along a tube has been investigated for a long time and Altshuller and Cohen (1960) cite the work of Stefan in 1871. Since then other workers have determined diffusion data by the technique (Lee and Wilke, 1954; Gilliland, 1934; Gilliland and Sherwood, 1934) . Fortuin (1956) developed the method for the production of low concentrations of a number of vapours and described the theoretical background to the technique. This method was also used by McKelvey and Hoelscher (1957) . Altshuller and Cohen (1960) and Altshuller and Clemons (1962) applied diffusion cells to the preparation of standard mixtures of hydrocarbons and demonstrated the utility of the technique for air pollution studies. The response of a flame ionization detector was examined by Desty, Geach and Goldup (1960) , who prepared their standards using this type of apparatus. Goldup and Westaway (1966) introduced trace amounts of water into a gas stream by a diffusion apparatus which was subsequently modified by Savitsky and Siggia (1972) , to enable more rapid changes in concentration to be obtained. The application described in this present paper used apparatus based on the work of Savitsky and Siggia (1972) .
APPARATUS
The design of the equipment was similar to that described by Savitsky and Siggia (1972) and is illustrated in figure 1. introduced as a liquid into a precision bore capillary tube, AA (Jencons Scientific Ltd, Hemel Hempstead, Herts), maintained at a constant temperature (± 0.1 °C) in a water-jacket attached to a circulating water-bath (Grant Instruments Cambridge Ltd). Ground-glass joints (Quick-fit B60/46) were used in the construction of the gas chamber and in its junction with the water-jacket, while gas and water connections were made through threaded glass assemblies, F (Sovirel System, V. A. Howe & Co. Ltd, London). The diffusion tube, AA, was supported by connections made with these screw joints, F, and was fitted at one end with a "torion" valve, C (Sovirel System, V. A. Howe & Co. Ltd, London). The whole apparatus was supported securely on a rigid framework and measurements of the meniscus position in the capillary tube were made with a cathetometer. Stability of both this and the diffusion apparatus was essential. The gas diluent for the cell was oxygen-free nitrogen (British Oxygen Company Ltd), the flow of which was stabilized by a miniature line regulator after the two-stage regulator on the cylinder. A combination precision needle valve and flowmeter (Meterate Flowmeter, Glass Precision Engineering Ltd, Hemel Hempstead, Herts) has also been used. Flow rates were checked with a soap film flowmeter. Measurements of the vapour concentrations were made using a Hewlett Packard Model 5713 gas chromatograph. This instrument incorporates a pulsed electron capture detector ( 63 Ni, 15 mCi source) which is ideal for the determination of low concentrations of halogenated anaesthetic agents. Separations were carried out on either of two chromatographic columns. The first (10ftxJin o.d. glass) was packed with 10% (W/W) di(2-ethylhexyl)sebacate on Universal support, 80-100 mesh (Jones Chromatography, Colliery Road, Llanbradach, Glamorgan), and was maintained at 105 C C. This column was suitable for the separation of halothane, trichloroethylene and methoxyflurane. The second column (15 ftx £ in o.d. glass) was packed with 10% (W/W) silicone fluid, DC560, on Universal support, 80-100 mesh, and was maintained at 90 °C. This column did not resolve methoxyflurane from trichloroethylene, but gave more rapid elutions of halothane and trichloroethylene than on the first column. In all cases the carrier-gas was 5% methane in argon at 60 ml/min and the detector was maintained at 200 °C. Gas samples were introduced into the chromatograph with a gas-sampling valve (10 jxlitre sample) which was installed upstream of the injection port. This installation caused some peak broadening owing to the relatively large dead volume between the injection site and the column, but this broadening was minimized on the silicone fluid column.
The output of the diffusion cell was connected to the gas sampling valve through a nylon tube; no adsorption errors were observed as a result of this method.
PRACTICAL CONSIDERATIONS
The apparatus incorporates a number of modifications to that described by Savitsky and Siggia (1972) . The relatively large volume of liquid anaesthetic agent contained in the U-tube outside the glass waterjacket was susceptible to fluctuations in the ambient temperature which in turn caused the meniscus position to vary. Immersing the U-tube, BB, in a water-bath at the same temperature as the waterjacket eliminated this effect. Variations in the meniscus position were also observed if a glass tap was fitted in the U-tube; this effect was a result of the ability of the anaesthetic agents to flow past the tap. The use of a "torion minitap" (V. A. Howe & Co. Ltd, London) or a "Rotaflo" stopcock (Jobling, Stone, Staffs) eliminated this problem.
Adjustment of the meniscus position may be made more rapidly when the U-tube is replaced by a capillary tube integral with a glass syringe. Such a device is illustrated in figure 5 and will be described later in this paper.
Finally, it is imperative to ensure that the capillary arm of the U-tube is made long enough for the cell to be assembled.
DISCUSSION
The basic principle of operation of the diffusion cell is simple. The liquid, the vapour of which is to be the contaminant of the gaseous phase, is contained in the capillary tube at a constant temperature and is allowed to evaporate slowly into the flowing gas stream; the driving force is the concentration gradient of the vapour in the tube (Altshuller and Cohen, 1960) . If the rate of diffusion of the vapour and the flow-rate of the gas stream are known, the concentration of the vapour in the gas can be calculated. Diffusion rates can be determined by weighing the capillary tube before and after a given time period to give the weight of vapour discharged. However, it is far more convenient to measure the change in position of the liquid meniscus in the capillary. Desty, Geach and Goldup (1960) derived an expression for the determination of the diffusion rate knowing the diffusion coefficient, D:
(1) where 5 is the rate of diffusion of vapour out of the capillary tube (g sec" 1 ), M is the molecular weight of the vapour, R is the gas constant (erg deg" 1 mole" 1 ), T is the absolute temperature of the capillary tube (°K), A is the cross-sectional area of the diffusion tube (cm 2 ), / is the length of the diffusional path: the distance between meniscus and the end of the capillary tube (cm), P is the pressure in the diffusion cell: at the open end of the capillary, p is the partial pressure of vapour at temperature T. The authors showed that the rate of diffusion could be determined experimentally also and this method is now illustrated for halothane, although it is equally applicable to other volatile anaesthetic agents.
The method involves observing the change in the liquid level over a period of several days and the variation of the square of the diffusional path length is plotted as a function of time, t. This should give a straight line at a constant temperature as shown in figure 2 , and the gradient of this line, X, is given by the equation:
where p is the density of the liquid at temperature T. It can be shown that
Thus the rate of diffusion at a given instant can be calculated when X, p, A and / are known. The bore of the capillary tube can be obtained from measurements of the length of a weighed amount of mercury in the tube. Once the gradient of the / 2 versus t line has been determined by either Gaussian or linear regression analysis, the rate of diffusion of vapour for different positions of the liquid meniscus can be calculated from equation (3). Some typical values for halothane are presented in table I and these data allow the concentrations of vapour in the gas stream to be determined. Figure 3 shows the variations of halothane concentration in the gas flowing out of the cell as functions of the meniscus position at different temperatures. These concentrations were calculated for a gas flow rate of 20 ml/min, but obviously different flow rates can be used to give the desired vapour concentration. Altshuller and Cohen (1960) suggest that flow rates above 1-2 litre/min may cause turbulent effects with a consequent decrease in the effective diffusion path length. These authors also indicated that the differences in the diffusion coefficients of vapours into nitrogen, oxygen or air did not exceed experimental uncertainties so that any of these gases could be used.
The vapour concentration can also be changed by varying the temperature of the diffusion tube, but temperatures approaching the boiling point of the liquid in the capillary tube are undesirable because of interfacial cooling through high evaporation rates (Altshuller and Cohen, 1960) .
The calculations for the data given in the present paper have been made assuming a constant capillary radius with increasing temperature and, in practice, it may be necessary to correct for the thermal expansion of the glass.
Equation (2) indicates that X is independent of the cross-sectional area of the capillary tube and the flow rate of the diluent gas under given conditions and should be characteristic of the compound under investigation. This behaviour is confirmed by the data in table II. Consequently, the delivered vapour concentration may be changed by using different capillary tubes and without the need to recalibrate for a given liquid. It is apparent that there is reasonable agreement in the data, which were obtained in DIFFUSION PATH LENGTH [cm] 3. Calibration curve calculated from experimental data halothane in the diffusion apparatus. Capillary tube diameter 0.1292 cm; air flow rate 20 ml/min. different laboratories using different sets of apparatus. Thus the method seems reliable for use in collaborative studies. Repeated analysis of the gradient of a single I 2 versus t line gave a coefficient of variation of about ±3%. It is important to note that slight differences in the measured gradient have an insignificant effect on the final vapour concentration.
In this respect it may be useful to examine how variations in the parameters of equation (3) affect the value obtained for S, the mass rate of diffusion. The gradient of the I 2 versus t line is influenced by the temperature of the liquid; a drift of 0.1 °C in the temperature setting, at 35 °C, would produce a change of 5 x 10~6 cm 2 S~x in a measured gradient of 6.44 x 10-* cm 2 S~\ This is a change of the order of 0.8% inX Where the temperature fluctuates by ±0.1 °C, rather than drifting in a particular direction, this makes merely for an uncertainty in the measured gradient as described earlier. The uncertainties in the liquid density value are of two types: (i) those arising from temperature fluctuations and the errors in temperature measurement in the experiment and (ii) those arising from the uncertainty in the best available published values of the density as a function of temperature. Errors in the meniscus height and capillary cross-sectional area can be made very small by accurate measurements with a vernier cathetometer for length measurements and an accurate balance for weighing the mercury used in area measurement. The overall error equation for 5 based on equation (3) is The concentration of vapour required for a particular application can now be obtained by various manipulations once the initial calibration is complete. The variable parameters at a given temperature are the length of the diffusion path, the flow rate of the diluent gas and the bore of the capillary tube. In addition, the cell temperature can be changed, but this requires calibration at the new temperature. Of these parameters the diffusion path length is the most convenient to change and it was for this purpose that Savitsky and Siggia (1972) produced their design. Lee and Wilke (1954) showed that the vaporization rate of nitrobenzene into air reached 99.92% of the steady-state rate in 15 min and this suggests that equilibrium is reached quite rapidly. However, it is normal practice to leave the cell working continually so that the assumption of steady-state diffusion is valid. After changing the diffusion path length, Savitsky and Siggia (1972) demonstrated that the return to an equilibrium state occurs in a reasonable time for water in the diffusion tube, and the present work has shown that similar behaviour occurs for halothane as shown in figure 4. The equilibrium is reached soon after changing the meniscus level and the output of the cell agrees with the theoretical value derived from the analysis of an equivalent amount of halothane injected into the gas chromatograph as a solution in n-hexane. The fluctuations about the concentration level "A" may be the result of inadequate temperature control but it is also possible that the effect arises from turbulence owing to the relatively high flow rate (400 ml/min) and the short diffusion path length. Now, despite the advantages of the present design of the apparatus, it is difficult to set the meniscus level to a desired position. by small increments using the screw, F, and large disc, H, or alternatively a micrometer device (for example, Agla micrometer syringe system) may be used. In this way it is possible to make fine adjustments to the meniscus position. With this system there is little anaesthetic agent outside the main water-jacket so that temperature control is much easier than for the previous system. Some data obtained with the device are included in table II (column 3). The complete calibration system when used in conjunction with the analyser system gave a coefficient of variation of ± 2.6% on 25 analyses and this is perfectly acceptable considering that manual integration was used for the chromatographic analyses. The precision in resetting the thermostat is a limiting factor in the repeatability of the system on start-up.
APPLICATIONS OF THE TECHNIQUE
The diffusion cell is obviously suitable for the preparation of standard atmospheres of many volatile anaesthetic agents. We have used such a cell for the production of low concentrations of halothane, trichloroethylene and methoxyflurane in air as calibration standards in studies of operating theatre pollution by these volatile anaesthetics. Similar concentrations may be required in the examination of contamination or leakage of anaesthetic equipment (Robinson, Thompson and Barratt, 1974) , a matter that must be considered with regard to the controversial subject of postoperative jaundice following joined to a glass syringe which contains mercury, C, to prevent leakage of the anaesthetic liquid, D, past the plunger, E. The syringe plunger can be moved anaesthesia (Robinson, Barratt and Thompson, 1974) . However, the wide range of concentrations that can be produced makes the technique equally suitable for preparing standards to calibrate anaesthetic vaporizers. Similarly, the efficiency of humidifiers may need to be established (Hayes and Robinson, 1970) and water vapour standards can be prepared in a diffusion cell (Goldup and Westaway, 1966; Savitsky and Siggia, 1972) . Blood-gas partition data can also be determined by exposing blood to an atmosphere containing the known concentration of anaesthetic produced by the cell. Preliminary studies of this aspect have been made with the apparatus illustrated in figure 6 . Blood is contained in the glass vessel which is surrounded by a water-jacket to produce a constant temperature environment. The gas stream is admitted to the chamber through a sintered glass tube, A, while the blood is agitated gently by a magnetic stirrer, C and D. Samples of blood can be withdrawn from the apparatus by a syringe through the septum, E, which is isolated from the blood by a mercury seal, B. In this way, loss of anaesthetic agent into the silicone rubber septum is avoided. A typical partition coefficient of 2.34 was obtained for blood with a red cell count of 3.4 x 10 6 /mm 3 after being exposed for 3 hr to air containing halothane at a concentration of 1.2xlO-3 g/litreat37°C. In conclusion, it can be said that a diffusion dilution apparatus offers many advantages for use in work in anaesthetic research, enabling preparation of absolute standard atmospheres of volatile anaesthetic agents and of water over a wide concentration range in a reliable, convenient and reproducible manner. 
PRODUCTION D'ATMOSPHERES STANDARDS DES AGENTS ANESTHESIQUES VOLATILS

SUMARIO
La difusion de un vapor en un gas proporciona un metodo util para la preparation de atmosferas normales del vapor. Se describen la construction y el uso del aparato para la preparation de esos medios y se analiza la utilidad del metodo para la investigation en practicas de anestesia.
